INTRODUCTION
============

Ulcerative colitis is an inflammatory bowel disease (IBD) characterized by recurrent episodes of colonic inflammation and tissue \[[@B1],[@B2]\]. In humans, as well as in several different animal models of intestinal inflammation, the contractile force generated by the smooth muscle is significantly reduced, resulting in altered motility leading to diarrhea or constipation \[[@B3]\]. In IBD, intestinal dysfunctions as well as critical morphological changes have been reported in both smooth muscle and intrinsic \[[@B4],[@B5]\], including bowel wall thickening \[[@B6],[@B7]\], nerve ending proliferation, alteration of neurotransmitter contents and release, and altered *in vitro* contractile responses to neurotransmitters or mediators \[[@B8]\].

The upstroke of the gastrointestinal smooth muscle action potential is largely mediated by Ca^2+^ influx through voltage-gated L-type Ca^2+^ channels \[[@B9]\]. Disturbance of L-type Ca^2+^ channel activity has been reported as one of the causes of reduced colonic motility \[[@B10],[@B11]\]. Patch clamp recordings of smooth muscle cells demonstrate significant decrease in the amplitude of the Ca^2+^ currents associated with decreased protein expression of pore forming α 1 subunit from inflamed tissues in dextran-sulphate sodium (DSS) and trinitrobenzene sulphonic acid (TNBS)-induced colitis models \[[@B12],[@B13]\]. Although L-type Ca^2+^ channel currents were down-regulated, adenosine triphosphate (ATP)-sensitive K^+^ (K~ATP~) channels are up-regulated in gastrointestinal smooth muscle cells from the DSS- and TNBS-induced colitis mouse, which is induced hyperpolarization of the gastrointestinal smooth muscle cells \[[@B14]\].

Acetylcholine is the principal excitatory neurotransmitter of the enteric nervous system and plays an essential role in the peristaltic activity in gastrointestinal tract \[[@B9]\]. In the smooth muscle cell of gastrointestinal tract, pharmacological and binding studies have typically shown the presence of muscarinic acetylcholine type 2 (M~2~R) and type 3 receptor (M~3~R), which are linked to the G~i/o~ and G~q/11~ proteins, respectively \[[@B15]\]. Inflammation not only suppresses the amplitude of the muscarinic-induced contractions, but also appears to shift the degree of activation of the M~2~R and its associated signaling pathway \[[@B16],[@B17]\].

Besides the changes on the expression level of L-type Ca^2+^ channels, K~ATP~ channels, and M~2~R and M~3~R, an underlying cause of the reduced contractility was investigated in circular and longitudinal smooth muscle layer from the proximal colon in TNBS-induced colitis mouse. The aims of this study were to confirm the alteration of 1) the structural changes of mucosal and muscular layer, 2) spontaneous contractile activity and depolarization-induced contractility, 3) muscarinic acetylcholine receptor (mAchR)-mediated contractility and the responses of mAchR agonists of circular and longitudinal smooth muscle cells in proximal colon of TNBS-induced colitis mouse compared to the vehicle-treated control.

METHODS
=======

Colitis induction
-----------------

Healthy adult male ICR mouse, weighing 30\~35 g (Orient Bio, Seongnam, Korea), were anesthetized with intraperitoneal injection of ketamin (50 mg/kg). The abdomen was opened by midline laparotomy and the proximal colon was gently extruded. Colitis was induced by direct injection of 120 mg/kg TNBS (Tokyo Kasei Kogyo, Tokyo, Japan) in 50% ethanol using a 30 G needle into the colonic lumen 1 cm distal to the cecal-colonic junction. Animals in the normal control group were handled similarly, but 50% ethanol alone was administered instead. Animals in the control and TNBS-induced colitis group were used within 2 days.

Histochemical staining
----------------------

Two days after the induction of inflammation, the proximal colon was opened along the mesenteric border and the luminal contents were washed in normal saline. Opened segments were pinned to the silicon base of dishes with the mucosal side facing up, and fixed in 10% formalin for 12 h, and washed in tap water for 12 h, and paraffin-embedded tissue sections were stained with hematoxylin and eosin.

Measurements of muscle tension
------------------------------

The colon was excised from 50% ethanol-treated control group and TNBS-induced colitis ICR mouse. The muscular layer was isolated from mucosal layer of proximal colon. The muscle strips (1×1 cm) were mounted with a preload of 1 g along their circular or longitudinal axis in a bath filled with Krebs solution that contained (in mM): 137 NaCl, 5.4 KCl, 1.5 CaCl~2~, 1 MgCl~2~, 23.8 NaHCO~3~, and 5.5 glucose saturated with 95% O~2~ and 5% CO~2~ at 37℃. The responses of the strips were recorded with PowerLab/400 on a Chart 4.0. The muscle contraction was measured isometrically with a force-displacement transducer (MLT050; AD Instruments, Colorado Springs, CO, USA) and recorded with PowerLab/400 on a chart program (AD Instrumrnts).

Preparation of circular smooth muscle cells
-------------------------------------------

The circular muscle layer isolated from proximal colon were placed in Ca^2+^-free Tyrode solution that contained (in mM): 135 NaCl, 5 KCl, 1 MgCl~2~, 10 glucose, and 10 HEPES (pH 7.4, adjusted with NaOH) and cut into small pieces of 2\~3 mm in length with fine scissors. The muscle pieces were incubated in Tyrode solution for 30 min and then in a solution containing 2 mg/ml collagenase (Amano Enzyme Inc., Nakaku, Nagoya, Japan), 2 mg/ml papain (Roche, Indianapolis, IN, USA), 1 mg/ml bovine serum albumin (Sigma, St. Louis, MO, USA), and 30 µM Ca^2+^ at 37℃ for 45 min. The tissues were placed in sterilized Tyrode solution containing no enzyme, and triturated with a blunted-tipped pipette until a sufficient number of single cells were isolated. The freshly isolated cells were used in electrophysiological experiments.

Electrophysiology
-----------------

Non-selective cationic currents (NSCCs) were recorded using the whole-cell variant of the patch clamp technique as described previously \[[@B18]\]. Patch electrodes were fabricated from a borosilicate glass capillary (Corning 7052, Garner Glass Co., Claremont, CA) using a P-97 Flaming Brown micropipette puller (Sutter Instrument Co., San Rafel, CA). The patch electrodes were fire polished on a microforge (Narishige, Tokyo, Japan), and had resistances of 1\~3 MΩ when filled with the internal solution (in mM): 145 cesium glutamate, 8 NaCl, 2 ATP, 0.3 GTP, 10 EGTA, 1 free Mg^2+^, and 0.00001 free Ca^2+^, pH adjust to 7.4 (290 mOsm/kg H~2~O). An Ag/AgCl pellet was used to ground the bath. External recording solution contained (in mM): 145 NaCl, 2.8 KCl, 10 CsCl, 2 MgCl~2~, 10 glucose, 0.2 EGTA, 10 HEPES, 0.05 free Ca^2+^, pH adjusted to 7.4 (320 mOsm/kg H~2~O). Drugs were applied to cells via a gravity-fed fused silica capillary tube connected to an array of seven polyethylene tubes. The outlet of the perfusion system was located within 100 µm of the cell. The bath fusion rate was approximately 1\~2 ml/min. The cell membrane capacitance and series resistance were compensated (\>80%) electronically using an Axopatch-200B amplifier (Axon Instruments, Foster City, CA). Voltage protocol generation and data acquisition were performed using pClamp 6.0 software on a IBM computer equipped with an analog-to-digital converter (Digidata 1200, Axon Instruments). Current traces were generally low-pass filtered at 5 kHz using the 4-pole Bessel filter in the clamp amplifier, digitized at 2 kHz, and stored on the computer hard drive for later analysis.

RT-PCR and realtime PCR
-----------------------

Total RNA of the colonic smooth muscle cells was extracted using RNAiso plus reagent (TAKARA Bio, Otsu, Shiga, Japan). The concentration and purity of the total RNA were measured with ultraviolet spectrophotometer. Synthesis of the first strand cDNA was performed in a RT-PCR buffer containing 1 µg of total RNA using 200 U M-MLV (Moloney Murine Leukemia Virus) reverse transcriptase (Promega Co., Madison, WI, USA), 25 nM dNTP, 1 µg oligo dT, 20 U RNase inhibitor in a final volume of 25 µl at 42℃ for 1 h. The polymerase chain reaction (PCR) to detect transcripts of transient receptor potential (TRP) channel isoforms was performed by following steps. 1) single strand cDNA products were denatured at 94℃ for 1 min, then, subjected to PCR amplication (35 cycles). Each PCR cycle consisted of denaturing at 94℃ for 30 sec, annealing at 63℃ for 30 sec, and extension at 72℃ for 1 min in a minicycler (MJ Research Inc., Watertown, MA, USA). PCR buffer (50 µl) contained the transcribed cDNA, 10 pM primers, 10 pM dNTP, and 1.25 U of Tag polymerase (PerkinElmer, Norwalk, CT, USA). As an internal reference, glyceraldehyde-3-phosphate dehydrogenase (GapDH) gene was amplified. The resultant PCR products were separated on a 1.5% agarose gel and visualized by ethidium bromide (EtBR) staining. Specific PCR primers for TRP channel isoforms are listed in [Table 1](#T1){ref-type="table"}.

Real-time RT-PCR analysis was performed to quantify colitis-induced changes in gene expression. PCR amplification was carried out in an Rotor-Gene 3,000 thermal cycler (Corbett Research, Sydney, Australia) using the QuantiTect SYBR Green PCR kit (Quiagen, Valencia, CA, USA) in according to the manufactures instructions. Reaction mixture contained 1× QuantiTect SYBR Green PCR Master Mix (containing HotStarTaq DNA polymerase, PCR buffer, and SYBR Green 1), 500 ng template cDNA, and 0.5 µM primer pairs in a total volume of 10 µl. The mixture was initially heated at 95℃ for 15 min and cycled 45 times with two steps of melting at 95℃ for 15 sec and annealing/extending at 60℃ for 1 min. All reactions were carried out in triplicate. The specific DNA product was confirmed by analysis of a melting curve generated at the end of PCR. Primer sequences were summarized in [Table 2](#T2){ref-type="table"}. As an internal reference, the β-actin gene was amplified. To analyze the relative changes in gene expression from the real-time RT-PCR experiments, the comparative method was employed \[[@B19]\].

Statistics
----------

Results of the experiments were expressed as mean±SD. Unpaired student\'s t-test was used for statistical analysis of the results and the number of preparations taken from separate animals was indicated by n. p values less than 0.05 were considered to be significantly different.

RESULTS
=======

Histological changes
--------------------

Morphological changes of proximal colon confirmed by histological analysis after experimental colitis induced by direct injection of 2,4,6-trinitrobenzenesulfonic acid (TNBS) in proximal colon using the surgical method. As shown in [Fig. 1A](#F1){ref-type="fig"}, the control mice administrated 50% ethanol displayed little evidence of inflammation in the mucosal and muscular layers of the colon. At 2 days after inject to TNBS (120 mg/kg), the wall of the colon is diffusely thickened with loss of haustration and folding, and there is evidence of submucosal edema and distortion of mucosal architecture. Also, extensive infiltration by inflammatory cells, including polymorphonuclear leukocytes, lymphocytes and macrophages, was apparent in the muscular layer ([Fig. 1B](#F1){ref-type="fig"}).

Spontaneous and depolarization-induced contractile activity
-----------------------------------------------------------

It is examined that the effect of the TNBS-induced colonic inflammation on the spontaneous rhythmic contraction evoked from the proximal colonic circular and longitudinal smooth muscle layers. [Fig. 2](#F2){ref-type="fig"} shows the typical spontaneous contractile activity (SCA) of circular smooth muscle strips isolated from the control and TNBS-induced colitis proximal colon. As shown in [Fig. 2A](#F2){ref-type="fig"}, at 2 days after induction of colitis, the SCA of circular smooth muscle layer in proximal colon was markedly reduced the amplitude (from 0.41±0.17 to 0.07±0.03 g, n=5) and frequency (from 3.1±0.3 to 1.8±0.2 cycles/min, n=5) ([Fig. 2C and D](#F2){ref-type="fig"}). In longitudinal smooth muscle layer, however, after induction of colitis, the SCA was slightly reduced the amplitude (from 0.22±0.08 to 0.07±0.03 g, n=8) and frequency (from 2.2±0.8 to 1.5±0.6 cycles/min, n=5) ([Fig. 2B, E, F](#F2){ref-type="fig"}).

It is also examined the alteration in depolarization-induced contractile response of the circular and longitudinal smooth muscle layer from the inflamed proximal colon. As shown in [Fig. 3A and C](#F3){ref-type="fig"}, the maximum active tension of circular muscle layer evoked by high K^+^ (50 mM), an artificial condition assumed to neurotransmitter-mediated depolarization, was markedly attenuated by TNBS-induced colonic inflammation (0.34±0.09 g, n=5) than the control (1.28±0.16 g, n=5). In case of longitudinal smooth muscle layer, however, the high K^+^-induced maximum tension was slightly decreased in TNBS-induced inflamed colon (0.20±0.04 g, n=4) than the control (0.47±0.09 g, n=4) ([Fig. 3B and D](#F3){ref-type="fig"}).

Muscarinic acetylcholine receptor-medicted contractility
--------------------------------------------------------

As illustrated in [Fig. 4A and C](#F4){ref-type="fig"}, carbachol, a non-specific muscarinic acetylcholine receptor (mAchR) agonist, caused a concentration-dependent increase of contraction in both circular and longitudinal smooth muscle strips from proximal colon of the control and TNBS-induced colitis mouse. However, the contractile response to cholinergic receptor stimulation by carbachol was markedly reduced in the circular ([Fig. 4B](#F4){ref-type="fig"}) and longitudinal ([Fig. 4D](#F4){ref-type="fig"}) smooth muscle strips from the proximal colon of the TNBS-induced colitis mouse than the control. Indeed, in circular smooth muscle strips from the control, absolute maximum tension induced by carbachol (10^-5^ M) was 2.06±0.19 g (n=7), whereas, it\'s from the TNBS-induced colitis, maximum tension was 0.47±0.04 g (n=7) ([Fig. 5A](#F5){ref-type="fig"}). However, absolute maximum tension induced by carbachol (10^-5^ M) in the longitudinal smooth muscle strips were slightly decreased in TNBS-induced colitis (0.76±0.10 g, n=7) than the control (0.37±0.04 g, n=7) ([Fig. 5B](#F5){ref-type="fig"}). Besides the carbachol, oxotremorine M, a specific muscarinic acetylcholine receptor agonist, was also evoked concentration-dependent contractile response in circular and longitudinal smooth muscle strips from the proximal colon of the control and TNBS-induced colitis, however, contractile response in circular and longitudinal smooth muscle strips were markedly attenuated in TNBS-induced colitis compared to the control ([Fig. 5C and D](#F5){ref-type="fig"}).

Membrane expression and current changes of NSCC in inflamed colon
-----------------------------------------------------------------

To clarify the reduced contractility of circular smooth muscle layer, the non-selective cation channel (NSCC) currents, a routine source for elevation of intracellular Ca^2+^ concentration, were confirmed. The carbachol-induced NSCC currents were recorded in the circular smooth muscle cells from the proximal colon of the control and TNBS-induced colitis mouse using the whole cell patch clamp configuration, replacing K^+^ with Cs^+^ (145 mM) to block K^+^ channels and using nimodipine (1 µM) to block L-type Ca^2+^ channels. As shown in [Fig. 6A](#F6){ref-type="fig"}, application of carbachol (1 µM) induced NSCC currents in circular smooth muscle cells. The current-voltage relationship of carbachol-induced NSCC currents revealed a pattern of inward or outward rectification and a reversal potential of 0 mV. These rectifications of current-voltage relation were markedly reduced by TNBS-induced colonic inflammation. The inward rectification of the NSCC currents, especially, important to Ca^2+^ and Na^+^ influx-induced depolarization and contraction, was markedly reduced in the TNBS-induced colitis (8.4±6.7 pA, n=6) compared to the control (56.8±9.8 pA, n=6) at -60 mV of the membrane potential ([Fig. 6B](#F6){ref-type="fig"}).

RT-PCR was performed to confirm the canonical transient receptor potential (TRPC) expression pattern in the circular smooth muscle cells from the mouse proximal colon, and reveal the changes of the TRPC expression levels on TNBS-induced colonic inflammatory condition. [Fig. 7](#F7){ref-type="fig"} illustrated that the expression pattern of the TRPC channel isoforms in the whole brain, and proximal colonic smooth muscle cells of the control and TNBS-induced colitis mouse. The TRPC channel isoforms, classified to store-operated channels (TRPC1/4/5) and receptor-operated channels (TRPC3/6/7), are fully expressed in the whole brain and proximal colonic smooth muscle cells of the ICR mouse. Particularly, the expression level of the TRPC channel isoforms were markedly reduced in proximal colonic smooth muscle cells from the TNBS-induced colitis mouse (lower panel in [Fig. 7](#F7){ref-type="fig"}). These results are not demonstrated the absolute expression levels because conventional RT-PCR is the qualitative analysis methods. Accordingly, quantitative real-time RT-PCR was performed to clarify the reduction amounts of the TRPC channel expression in the colonic smooth muscle cells from the TNBS-induced colitis mouse compared to the control. As shown in [Fig. 8](#F8){ref-type="fig"}, consistent to the muscle tension and patch clamp data, quantitative real-time RT-PCR revealed that TNBS-induced colonic inflammation down-regulated the mRNA encoding TRPC1 (0.22), TRPC2 (0.14), TRPC3 (0.01), TRPC4 (0.01), TRPC5 (0.01), TRPC6 (0.01), TRPC7 (0.01) than the control, TRPC1 (0.54), TRPC2 (1.00), TRPC3 (0.12), TRPC4 (0.17), TRPC5 (0.23), TRPC6 (0.70), TRPC7 (0.46), normalized to expression amounts of the whole brain.

DISCUSSION
==========

Gastrointestinal motility disorder is a common characteristic of intestinal inflammation in human and drug- or infection-induced animal models \[[@B20]\]. Intestinal inflammation results in the disturbance of motility, which may reflect alteration in smooth muscle function and enteric nervous system \[[@B21]\]. Several animal models have been used to study the pathogenesis of inflammatory bowel disease (IBD), including Chron\'s disease and ulcerative colitis. Animal models of gastrointestinal inflammation can be divided into four classes: spontaneous colitis models, inducible colitis models with a normal immune system, adoptive transfer models in immuno-compromised hosts, and genetically engineered models \[[@B22]\]. In several established animal models, inducible colitis model is frequently used to study for inflammation-induced motility dysfunction and mechanisms, particularly, TNBS- \[[@B23]\], oxazolone- \[[@B24]\], DSS- \[[@B25]\], carrageenan- \[[@B26]\], and peptidoglycan-polysaccharide (PG-PS)-induced colitis models \[[@B27]\]. Especially, TNBS induces acute inflammation that progresses over several weeks to a chronic stage \[[@B23],[@B28]\]. Typically, mucosal injury and inflammatory cell infiltration are observed within 2 hours, and the features of chronic inflammation and lymphocytic cell infiltration occur at 48 hours after exposure to TNBS and persist over several weeks \[[@B29],[@B30]\]. Several evidences suggest that the colitis seen in TNBS model is regarded as a major model of ulcerative colitis and Crohn\'s disease \[[@B22]\]. Therefore, the present study was used the TNBS-induced colitis model to investigate the mechanisms for colitis-induced colonic motility changes. Previously, it was reported that TNBS treatment would induce changes the colonic architectures of the mucosal and muscular layer, such as loss of haustration and folding of the colon wall, submucosal and mucosal edema, infiltration of inflammatory cells, and segmentation of the muscular layer \[[@B31]\]. We have previously reported that mucosal architecture changes in ulcerative and tuberculous colitis patients in human \[[@B32]\]. In the present study, it was clearly confirmed that alteration of colonic architectures induced by TNBS-induced colitis using histological analysis with hematoxylin-eosin staining ([Fig. 1B](#F1){ref-type="fig"}).

Typically, the normal colon generates at least several types of contractile patterns in vivo. These are phasic contractions, tone, migrating motor complexes, and giant migrating contractions \[[@B33]\]. These contractile patterns are under the control of several systems including the neurogenic, myogenic, and endocrine systems \[[@B34]\]. Recent morphological and functional studies suggest that the interstitial cells of Cajal (ICCs) are pacemakers in the musculature of the gastrointestinal tract \[[@B35],[@B36]\]. The ICCs are arranged in distinctive patterns close to nerve and smooth muscle cells in the muscle layer \[[@B37],[@B38]\], where they generate pacemaker currents to develop electrical slow waves in the gastrointestinal smooth muscles \[[@B36]\]. ICC is almost completely abolished within the longitudinal and circular muscle layers and numbers of ICC at the level of the myenteric and deep muscular plexuses are significantly reduced in tissues from patients with Crohn\'s disease \[[@B39]\]. The damage to the ICC network represents an underlying morphologic substrate for decreased smooth muscle contractile activity, thereby contributing to the inhibition of smooth muscle contraction \[[@B34]\]. Therefore, in the present study, alterations of spontaneous contractile activity were investigated in circular and longitudinal smooth muscle strips isolated from the proximal colon of the control and TNBS-induced colitis mouse ([Fig. 2](#F2){ref-type="fig"}), and found that the amplitude and frequency of spontaneous contractile activity were markedly reduced in circular muscle strips, whereas, slightly reduced in longitudinal muscle of the TNBS-induced colitis mouse ([Fig. 2](#F2){ref-type="fig"}).

The rising of the gastrointestinal smooth muscle action potential is considerably mediated by Ca^2+^ influx through voltage-gated L-type Ca^2+^ channels. Down-regulation of these channel activity has been reported that one of the factors of reduced gastrointestinal motility \[[@B10],[@B11]\]. The present study is also found that the contractile activity evoked by high K^+^ (50 mM), a similar condition for L-type Ca^2+^ channel activation, was markedly reduced in circular and longitudinal smooth muscle strips from the TNBS-induced colonic inflammation mouse compared to the control ([Fig. 3](#F3){ref-type="fig"}). Initially, it was reported that the activity of L-type Ca^2+^ channels markedly down-regulated in DSS-induced experimental colitis \[[@B10]\]. It was also reported that the expression of the α 1C main subunit of L-type Ca^2+^ channels was significantly attenuated in acetic acid and ethanol-induced gastrointestinal inflammation, and resulting associated with suppression of current densities \[[@B40]\]. On the other hand, several groups have reported that the expression of the α 1C main subunit remained unchanged, although the activity of L-type Ca^2+^ channels was decreased, in the TNBS-induced and DSS-treated colitis models \[[@B13],[@B41]\]. These contrary reports may be due to differences in the methods used to induce colonic inflammtion and in the animal species \[[@B42]\]. Recently, it was reported that tumor necrosis factor α (TNF α)-induced nuclear factor-κ B (NF-κ B) resulted in suppression of the α 1C mRNA expression, as the possible mechanisms of down-regulated α 1C subunit expression in colonic smooth muscle cells in inflammatory conditions \[[@B43]\]. More recently, however, it has been reported that the suppression of mRNA expression of the α 1C subunit is not only mechanism involved in decreased α 1C protein expression, and that mechanisms such as accelerated protein degradation and decreased mRNA stability are involved, because of the half life of the α 1C subunit was about 14 days through the study using the smooth muscle specific α 1C knockout mouse \[[@B44]\].

Acetylcholine is regarded to be the principal neurotransmitter involved in gastrointestinal smooth muscle contraction in various contractile factors. Muscarinic acetylcholine receptor (mAchR) type 2 (M~2~R) and type 3 (M~3~R) are thought to be involved in contractile activity of the gastrointestinal smooth muscles \[[@B45],[@B46]\], although, which are expressed five isoforms of mAchR (M~1~R-M~5~R) \[[@B47]\]. It has been reported that the M~2~R can directly activate L-type Ca^2+^ channels and non-selectivive cation channel (NSCC) via c-src, phosphoinositide 3-kinase (PI3K) and protein kinase C (PKC), and contribute to gastrointestinal smooth muscle contraction \[[@B48]\]. In a TNBS-induced guinea-pig inflammation model, although the acetylcholine-mediated contractile force of the circular smooth muscle is signifintly decreased, that of longitudinal smooth muscle is increased \[[@B3]\]. In acetic acid-induced dog inflammation model, the acetylcholine-mediated contractile activity is unchanged in the longitudinal smooth muscle cells, whereas that is decreased in circular smooth muscle cells \[[@B49]\]. In this study, carbachol-, an acetylcholine receptor non-selective agonist, induced contractile activity is significantly decreased over 10 folds in circular smooth muscle strips from the proximal colon of the TNBS-induced colitis mouse compared to the control ([Fig. 4A and 4B](#F4){ref-type="fig"}). On the one hand, carbachol-induced contractility is slightly decreased or unchanged in longitudinal smooth muscle strips from the TNBS-induced colitis mouse than the control ([Fig. 4C and 4D](#F4){ref-type="fig"}). These differences in responses to colonic inflammation between circular and longitudinal smooth muscle strips may be due to the degree of dependence on G~i/o~ protein-coupled M~2~R for carbachol-induced contractility \[[@B49]\]. On the other hand, circular smooth muscle contraction may be principally mediated by G~q/11~ protein-coupled M~3~R, whereas the longitudinal smooth muscle contraction may be mainly mediated by M~2~R \[[@B50]\]. This may be explained by the model proposed Ehlert, in which M~2~R is a conditional receptor but M~3~R is the direct acting receptor for muscarinic stimulation by acetylcholine \[[@B18]\]. When inflammation shifts the balance of involvement of M~2~R and M~3~R in gastrointestinal smooth muscle contraction toward predominance of M~2~R, the effect of this change in balance is limited to the longitudinal smooth muscle, because M~2~R are not involved in circular smooth muscle contraction \[[@B49],[@B50]\].

It is noteworthy that muscarinic stimulation induces a depolarization or evokes excitatory junction potentials, and causes the excitation-contraction coupling of the gastrointestinal smooth muscle cells \[[@B51]\]. Depolarization of the gastrointestinal smooth muscle cells induced by mAchR activation is evoked to the non-selective cation channel (NSCC) currents \[[@B52],[@B53]\]. Recently, it has been reported that the canonical transient receptor potential (TRPC) channels were principal candidate for NSCC activated by mAchR activation \[[@B54]\]. The TRPC channels all appear to be activated in response to phospholipase C (PLC)-coupled receptors \[[@B55]\]. Within the TRPC channel family, there are two structurally divided subgroups, which is receptor-operated cation channels (TRPC3/6/7) and store-operated cation channels (TRPC1/4/5) \[[@B56]\]. One functional characteristic distinguishing these two subgroups is the ability of diacylglycerol (DAG) to activate TRPC3/6/7 channels, whereas TRPC1/4/5 activate intracellular Ca^2+^ store depletion \[[@B57]\]. Therefore, TRPC channels can be activated in response to the PLC-coupled mAchR activation \[[@B55]\]. Although, a numerous study of the motility dysfunctions in gastrointestinal inflammation were intensively accomplished, a small minority study of the NSCC were achieved to reveal a cause for down-regulation of the mAchR-mediated gastrointestinal motility in inflammation condition. In the present study, NSCC channel currents were confirmed to clarify the reduced contractility of circular smooth muscle from the TNBS-induced colitis mouse. The carbachol-induced inwardly rectified cationic currents were significantly reduced in membrane potentials below 0 mV ([Fig. 6](#F6){ref-type="fig"}). These results suggested that the reduced Ca^2+^ and Na^+^ influx through the smooth muscle membrane by carbachol induced to the attenuation of contractile and depolarizing force of smooth muscle cells. To clarify the resources for the reduction of NSCC channel currents, the membrane expression of TRPC channel isoforms were investigated in total RNA from the proximal colonic smooth muscle cells using RT-PCR ([Fig. 7](#F7){ref-type="fig"}) and quantitative realtime RT-PCR analysis ([Fig. 8](#F8){ref-type="fig"}). All isoforms of TRPC channel are significantly reduced the expression levels in TNBS-induced colitis mouse comparaed to the control ([Fig. 8](#F8){ref-type="fig"}). Taken together, these data suggested that mAchR-mediated gastrointestinal motility reduction fundamentally caused by attenuation of the NSCC channel current density originated from the down-expression of TRPC channel isoforms in proximal colonic smooth muscle cells from the TNBS-induced colitis mouse. To date, it is not reported that the correlation between inflammation or inflammatory cytokines and TRPC channel functions. Consequently, collecting data propose the mechanisms for the functional failure of the smooth muscle cells in inflammatory conditions.

In conclusions, significant changes occur in morphological features of the colonic architectures, and mechanical properties and pharmacological responsiveness of circular than longitudinal muscle layer from the proximal colon of the TNBS-induced colitis mouse. The wall of the proximal colon in the TNBS-induced colitis mouse is diffusely thickened with loss of haustration, and showed mucosal and mucular edema with inflammatory infiltration. The TNBS-induced colitis is significantly induced the reduction of colonic contractile activity, such as spontaneous contractile activity, depolarization-induced contractility, and muscarinic acetylcholine receptor-mediated contractile response in circular muscle layer compared to the longitudinal muscle layer.
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![Photomicrographs of sections from colon of a control (A) and TNBS-induced colitis mouse (B) stained with hematoxylin-eosin. Note the loss of haustration and folding, submucosal and mucosal edema, distortion of mucosal architecture, thickening of the muscularis mucosae, and appearance of infiltration by inflammatory cells in the muscle layer. Each frame indicates a typical trace out of a five independent experiments.](kjpp-16-437-g001){#F1}

![Effects of TNBS-induced colonic inflammation on the SCA of the circular and longitudinal muscle layer from the proximal colon of the control and TNBS-induced colitis mouse. Representative traces for SCA of the control (A) and TNBS-induced colitis (B). SCA was recorded with a preload of 1 g along their circular axis in a bath filled with Krebs solution maintained at 37℃ in an atmosphere of 95% O~2~-5% CO~2~. The square box (right panel) present magnified rhythmic SCA traces (A, B). Summary for effects of TNBS-induced colonic inflammation on the average cycle rate and amplitude of SCA of the circular (C, D) and longitudinal (E, F) muscle layer from proximal colon. The data are represented to the mean±SD. Numbers in parenthesis are the number in a series of experiments. ^\*\*^p\<0.01, ^\*\*\*^p\<0.005 *vs* control.](kjpp-16-437-g002){#F2}

![Effects of TNBS-induced colonic inflammation on depolarization-induced contractility. Representative traces for high K^+^ (50 mM)-induced contractile response of the circular (A) and longitudinal (B) smooth muscle layer from the proximal colon of the control (left panel) and TNBS-induced colitis mouse (right panel). Contractile response was recorded with a preload of 1 g along their circular or longitudinal axis in a bath filled with Krebs solution maintained at 37℃ in an atmosphere of 95% O~2~-5% CO~2~. Summary of the contractile response induced by high K^+^ (50 mM) in circular (C) and longitudinal (D) smooth muscle layer from the proximal colon of the control and TNBS-induced colitis mouse. The data are represented to the mean±SD. Numbers in parenthesis are the number in a series of experiments. ^\*^p\<0.05, ^\*\*\*^p\<0.005 *vs* control.](kjpp-16-437-g003){#F3}

![Effects of TNBS-induced colonic inflammation on the carbachol-induced contractions in the circular (A, B) and longitudinal (C, D) smooth muscle layer from the proximal colon. Representative traces for contractile response induced by log scale concentration of carbachol (3×10^-7^\~10^-5^ M) in proximal colonic circular (A, B) and longitudinal (C, D) smooth muscle layer from the control (A, C) and TNBS-induced colitis mouse (B, D).](kjpp-16-437-g004){#F4}

![Summary of the carbachol- and oxotremorine M-induced contractile responses in proximal colon. The response evoked by application of carbachol (A, B) in log scale concentration (3×10^-7^\~3×10^-5^ M) and oxotremorine M (C, D) in log scale concentration (3×10^-8^\~3×10^-6^ M) in the circular (A, C) and longitudinal (B, D) smooth muscle layer from the proximal colon of the control (○) and TNBS-induced colitis mouse (□). The data are represented to the mean±SD from seven experiments.](kjpp-16-437-g005){#F5}

![Effects of TNBS-induced colonic inflammation on the NSCC currents in the circular smooth muscle cells. Whole cell currents were recorded under the condition of 145 mM Cs^+^ in internal solution. Slow ramp depolarizations from +100 mV to -100 mV were applied at a holding potential of -60 mV. Representative traces of the current-voltage relationship were obtained from the circular smooth muscle cells in control and inflamed proximal colon (A). Bar graphs show mean current amplitudes of carbachol-induced NSCC currents at -60 mV (B). The data are represented to the mean±SD. Numbers in parenthesis are the number in a series of experiments. ^\*\*\*^p\<0.005 *vs* control.](kjpp-16-437-g006){#F6}

![Qualitative RT-PCR analysis of mRNA encoding TRPC channel isoforms expressed in whole brain (upper), control (middle), and TNBS-induced inflamed colon (lower panel). Each total RNA isolated from whole brain and dissociated circular smooth muscle cells of the control and TNBS-induced colitis mouse proximal colon were reverse transcribed, and amplified by PCR with TRPC channel isoform-specific primers ([Table 1](#T1){ref-type="table"}). The resultant PCR product were separated and visualized on an agarose gel containing ethidium bromide (EtBR). GapDH RNA as an internal control and whole brain RNA as a positive control were used.](kjpp-16-437-g007){#F7}

![Fold changes in gene expression of TRPC channel isoforms assessed by real-time quantitative RT-PCR. To analyze the relative changes in gene expression from the real-time PCR experiments, the comparative 2^-△△CT^ method was used. The △C~T~ value for each isoform gene was calculated using the equation: △C~T~ (control or TNBS-induced colitis)=C~T~ (TRPC isoform)-C~T~ (reference, i.e., GapDH). The averaged C~T~ value was obtained from triplicate of each PCR reaction. The fold change in gene expression of a TRPC isoform was finally obtained from the formula 2^-△△CT^, where the △△C~T~ (TRPC isoform) value was the difference between △C~T~ (colitis) and △C~T~ (control) values. The point on the Y-axis (dotted line) indicates expression amounts in the whole brain. n=5. ^\*^p\<0.05, ^\*\*^p\<0.01, ^\*\*\*^p\<0.005 vs control.](kjpp-16-437-g008){#F8}

###### 

TRPC channel isoform-specific primer pairs used in RT-PCR analysis

![](kjpp-16-437-i001)

for, forward; rev, reverse; bp, base pair; GB Acc. No., Gene Bank accession number.

###### 

TRPC channel isoform-specific primer pairs used in quantitative RT-PCR analysis

![](kjpp-16-437-i002)

bp, base pair; GB Acc. No., Gene Bank accession number.

[^1]: ^\*^These authors contributed equally to this work.
